Malignant mesotheliomas (MMs) are very aggressive tumors that respond poorly to standard chemotherapeutic approaches. The phosphatidylinositol 3-kinase (PI3K)/ AKT pathway has been implicated in tumor aggressiveness, in part by mediating cell survival and reducing sensitivity to chemotherapy. Using antibodies recognizing the phosphorylated/activated form of AKT kinases, we observed elevated phospho-AKT staining in 17 of 26 (65%) human MM specimens. In addition, AKT phosphorylation was consistently observed in MMs arising in asbestos-treated mice and in MM cell xenografts. Consistent with reports implicating hepatocyte growth factor (HGF)/Met receptor signaling in MM, all 14 human and murine MM cell lines had HGF-inducible AKT activity. One of nine human MM cell lines had elevated AKT activity under serum-starvation conditions, which was associated with a homozygous deletion of PTEN, the first reported in MM. Treatment of this cell line with the mTOR inhibitor rapamycin resulted in growth arrest in G1 phase. Treatment of MM cells with the PI3K inhibitor LY294002 in combination with cisplatin had greater efficacy in inhibiting cell proliferation and inducing apoptosis than either agent alone. Collectively, these data indicate that MMs frequently express elevated AKT activity, which may be targeted pharmacologically to enhance chemotherapeutic efficacy. These findings also suggest that mouse models of MM may be useful for future preclinical studies of pharmaceuticals targeting the PI3K/AKT pathway.
Introduction
Malignant mesotheliomas (MMs) are aggressive neoplasms that arise primarily from the surface serosal cells of the pleural, peritoneal, and pericardial cavities. Epidemiological studies have established that exposure to asbestos fibers is the primary cause of MM (Craighead and Mossman, 1982) . Even with widespread asbestos abatement efforts, the incidence of MM may increase in Western Europe and the United States until approximately 2020, and since the development of MM is associated with a 20-40 year latency from the time of asbestos exposure, the unregulated use of asbestos in less industrialized countries may prolong the epidemic in those regions (Britton, 2002) .
The pathogenesis and tumor biology of MM is incompletely understood because diagnosis is usually made late in tumor progression. Generally, response rates to either single-agent or combination chemotherapy have not surpassed 20%, with median survivals of approximately 6-8 months (Rusch, 2003) , although increased enthusiasm for multimodality treatment may be spurred by the results of a recent phase II trial showing a 40% response rate among MM patients receiving pemetrexed combined with cisplatin (Vogelzang et al., 2003) . Novel agents under study in phase II trials of MM patients include ZD1839 (Iressa) and ST1-571 (Gleevec), highly selective inhibitors of the epidermal growth factor receptor (EGFR) and platelet-derived growth factor (PDGF) and c-Kit receptors, respectively (Nowak et al., 2002) . Thus, there is rationale for improved therapeutic approaches, perhaps with the use of new low-toxicity pharmaceuticals that target signal transduction cascades important for MM tumor cell growth and proliferation.
A growing body of evidence suggests that AKT perturbations play an important role in human cancer, and numerous AKT substrates have been implicated in tumorigenesis (Bellacosa et al., in press ). Activation of AKT triggers antiapoptotic mechanisms, positively influences NF-kB transcription, modulates angiogenesis, enhances telomerase activity, increases tumor invasion/ metastasis, and antagonizes cell cycle arrest. AKT also mediates mRNA translation by means of phosphorylation of mTOR (mammalian target of rapamycin) protein kinase. Activation of mTOR subsequently leads to the phosphorylation of eukaryotic initiation factor 4E (eIF4E)-binding protein-1 (4E-BP1), thereby dissociating 4E-BP1 from the mRNA cap binding protein eIF4E to promote protein synthesis (Sonenberg and Gingras, 1998) . mTOR also regulates the activity of the ribosomal protein S6 kinase (p70S6K), which is required for cell growth and G1 cell cycle progression (Pullen and Thomas, 1997) . Currently, targeted disruption of mTOR signaling by rapamycin or its pharmaceutical analogs, CCI-779 (Wyeth) and RAD001 (Novartis), is being tested for efficacy against a broad range of refractory tumors.
To date, the involvement of AKT signaling in MM has not been described. In this investigation, we demonstrate that the AKT pathway is frequently activated in both human and mouse MMs, and that selective pharmacologic targeting of this pathway inhibits MM cell growth and increases sensitivity to conventional chemotherapeutic agents.
Results

Human MM specimens frequently exhibit elevated AKT activity
To determine if AKT is activated in primary human MM specimens, we performed an immunohistochemical analysis using a tumor microarray consisting of 26 paraffin-embedded MM tumor sections using an antibody against phosphorylated Ser473 of AKT, which recognizes the active (phosphorylated) forms of all three AKT kinases in MM specimens. Immunostaining for phospho-AKT was found predominantly in the cytoplasm or at the cell membrane of malignant cells. Overall, 17 of 26 (65%) MM specimens displayed strong staining ( þ þ or þ þ þ ) for phospho-AKT, indicative of elevated levels of AKT activity ( Figure 1 ). As expected, staining was not observed when the antibody was preincubated with a blocking peptide against the phospho-AKT epitope.
To confirm activation of the phosphatidylinositol 3-kinase (PI3K)/AKT pathway, we used an antibody directed at phosphorylated Ser2448 of mTOR to recognize the active form of the downstream mTOR kinase in this same series of MM specimens (Figure 1 ). No staining was detected when the antibody was preincubated with a blocking peptide against the phospho-mTOR epitope (data not shown). Overall, phospho-mTOR immunostaining was similar to that of phospho-AKT in 24 of 26 (92%) cases, with 15 of 26 (58%) tumors displaying both strong phospho-mTOR and phospho-AKT staining, and nine of 26 (34%) tumors displaying neither AKT nor mTOR staining (Table 1) . Statistical analysis of the immunohistochemical staining revealed that phospho-mTOR positivity is significantly associated with that of phospho-AKT (Fisher's exact test, Po0.0001).
Elevated Akt activity in in vivo MM models
We also performed immunohistochemical studies of AKT activity in three in vivo models: MMs arising in asbestos-treated mice, MMs arising in a xenograft model of a murine MM cell line, 40L, derived from an asbestos-exposed mouse, and MMs arising in a xenograft model of the human REN cell line derived from a patient with pleural MM (Cao et al., 2001) (Figure 2 ). Strong phospho-Akt staining was observed in MM tumor nodules located in the peritoneal wall of mice injected intraperitoneally with crocidolite asbestos. Strong phospho-AKT staining was also evident in lung metastases of 40L cells and in tumors arising from the transplantation of REN human MM cells. Like most human MM tumors with strong phospho-AKT staining, Figure 1 AKT is frequently activated in human MM tumors and is associated with phosphorylation of mTOR. Immunohistochemical staining of representative MM tumors from a tissue microarray showing the absence of staining in a negative control (blocking peptide for phospho-AKT), and strong positivity (brown stain) for phospho-AKT (P-AKT) and phospho-mTOR (P-mTOR) Table 1 Immunohistochemical staining for phospho-AKT (P-AKT)
is associated with that of phospho-mTOR (P-mTOR)
Strong P-AKT staining Weak P-AKT staining Strong P-mTOR staining 15 0 Weak P-mTOR staining 2 9
all of these mouse models of MM exhibited elevated phospho-mTOR (data not shown), thereby confirming the activation of the Akt signaling pathway and the potential utility of these mouse models for future preclinical studies.
Akt/AKT activity is induced in mouse and human MM cells through growth factor stimulation
In vitro studies of MM cell lines may elucidate signaling pathways important for MM tumorigenesis and are useful to identify pharmaceutical agents with potential efficacy in inhibiting MM cell growth. We initially examined five MM cell lines derived from the ascites or intraperitoneal lavage of asbestos-treated mice exhibiting strong phospho-Akt immunostaining, as represented in Figure 2 (top right panel). Overnight serum starvation diminished phospho-Akt levels in this panel of mouse MM cell lines as a result of the lack of growth-factor stimulation, although basal levels of phospho-Akt were still detectable (Figure 3a) . Consistent with previous reports suggesting that hepatocyte growth factor (HGF)/Met receptor signaling plays a significant role in MM tumors and cell lines (Tolnay et al., 1998; Harvey et al., 2000) markedly increased phospho-Akt levels were observed in all five murine cell lines stimulated with HGF. In contrast, only one of five mouse MM cell lines exhibited elevated phospho-Akt levels in response to insulin-like growth factor-1 (IGF-1) stimulation. We next examined the effectiveness of HGF in stimulating AKT activity in human MM cells. Initial studies showed that the Met receptor is strongly expressed in a panel of nine human MM cells, with five of nine cell lines exhibiting overexpression of Met compared to normal mesothelial cells (Figure 3b ). Similar to mouse MM cell lines, phospho-AKT levels were detectable under serum-starvation conditions, but were elevated in response to HGF stimulation ( Figure 3c ). In vitro kinase assays originally were used to examine different isoforms of AKT, namely AKT1 and AKT2, with similar results. A Western blot confirmed that HGF stimulates a large increase in AKT activity in two representative human MM cells, including M43 cells with an elevated basal level of AKT activity (Figure 3d, left) . Strongly elevated HGFstimulated AKT activity as detected by Ser473 phospho-specific antibodies may be attributed in part to the antibody's ability to recognize multiple AKT isoforms simultaneously. In addition, we acknowledge that other growth factors can stimulate AKT activity in MM cells. For example, a representative Western blot depicted in Figure 3d (right) showed that insulin can increase AKT activity in M17 cells. IGF-1, PDGF and EGF also stimulated AKT activity in M17 cells (data not shown).
Elevated AKT activity in a human MM cell line exhibiting loss of PTEN Interestingly, Tumor 19 in Figure 1 with strong phospho-AKT immunostaining showed elevated Met receptor staining ( Figure 4a ). In contrast, Tumor 3 had detectable Met expression, but exhibited loss of PTEN staining. Therefore, loss or downregulation of PTEN may be another mechanism contributing to high AKT activity in a subset of MMs. The elevated basal AKT activity in M43 cells also was found to be associated with a homologous deletion of the PTEN tumor suppressor gene (Figure 4b and c).
PTEN exons 2-8 were analysed and found to be absent in M43 cells, based on a single-strand conformation polymorphism (SSCP) assay using primer pairs specific for the coding region of the PTEN gene ( Figure 4b ). PCR analysis of genomic DNA from M43 cells confirmed the loss of exons 2 and 3, using primers that were the same or different from the SSCP analysis ( Figure 4c ). Primers for GAPDH and exon 1 of PTEN amplified bands of the predicted mobility in both M43 cells and control M17 cells, previously shown in Figure 3 to have lower basal AKT activity. M43 cells also exhibited loss of PTEN protein, whereas normal mesothelial cells and M17 cells retained PTEN protein (Figure 4d ).
MM cells with elevated AKT activity are sensitive to inhibition of the PI3K/AKT/mTOR pathway
Various studies have demonstrated that growth of tumor cells with elevated AKT activity is highly sensitive to targeted disruption of AKT signaling (reviewed in Bellacosa et al., in press ). Moreover, it has been shown that AKT activity is important for predicting which tumors will be sensitive to mTOR inhibition Podsypanina et al., 2001) .
We analysed M43 cells, which have elevated AKT activity, for potential sensitivity to LY294002 and rapamycin, inhibitors of upstream PI3K and downstream mTOR, respectively. As expected, treatment of M43 cells for 48 h with LY294002, but not rapamycin, decreased AKT phosphorylation compared to cells treated with placebo (DMSO) (Figure 5a ). Treatment of M43 cells with either inhibitor abolished mTOR activity, as demonstrated by markedly decreased phosphorylation of the downstream p70S6K (Thr389) and S6 ribosomal protein (Ser240/244) (Figure 5a ). The cyclin-dependent kinase inhibitor p27 Kip1 , which is known to be downstream of AKT signaling (reviewed in Wu et al., 2003) , was low in M43 cells, but was upregulated in response to LY294002 or rapamycin treatment.
As a follow-up to these studies, cell cycle analyses of M43 cells treated for 48 h with 100 ng/ml rapamycin showed a B30% increase in the G1 cell population compared to cells treated with placebo (Fisher's exact test, P ¼ 0.016) (Figure 5b ). Thus, MM cells with a dependence on AKT/mTOR signaling exhibit sensitivity to G1 arrest induced by rapamycin. An increase in the sub-G1 population, indicative of increased apoptosis, was not a primary effect of rapamycin in this cell line under the conditions of our study. In contrast, disruption of upstream AKT signaling through the use of the PI3K inhibitor LY294002 affected cell survival, as evidenced by a 3.3-fold increase in the sub-G1 cell population in M43 cells treated for 48 h with 20 mM LY294002 compared to placebo-treated M43 cells (P ¼ 0.013). In a separate experiment that was not inhibitor based, an adenovirus was used to re-introduce wild type or mutant PTEN into PTEN-null M43 cells. Phospho-AKT levels were diminished and there was disrupted cell cycle progression in cells infected with wild-type PTEN, but not in cells infected with mutant PTEN (data not shown).
To determine if inhibition of PI3K/AKT signaling increases the sensitivity of MM cells to a standard chemotherapeutic agent, we treated serum-starved M43 cells with LY294002, cisplatin, or a combination of LY294002 and cisplatin (Figure 6a, left panel) . Importantly, the combination of LY294002 and cisplatin resulted in enhanced inhibition of cell proliferation as compared to treatment with either agent alone (Po0.0001). The same conditions were used to treat a second cell line, M17, which has lower AKT activity than M43 under serum-starvation conditions. Despite having comparatively low AKT activity and being relatively insensitive to LY294002, in M17 cells the combination of LY294002 and cisplatin still decreased cell proliferation with greater efficacy than either drug alone (P ¼ 0.0006) (Figure 6a , right panel). Compared to single agents, treatment with a combination of LY294002 and cisplatin inhibited cell proliferation by 2.4-fold in M43 cells and 1.4-fold in M17 cells.
We further tested the ability of LY294002 and cisplatin to induce apoptosis in M43 cells. Two independent assays for cleaved PARP (Figure 6b , left) and DNA fragmentation (Figure 6b, right) showed that the combination of LY294002 and cisplatin was more effective at inducing apoptosis than single agents alone. Collectively, these results suggest that targeted disruption of AKT activity sensitizes MM cells to conventional chemotherapeutic agents such as cisplatin, and that sensitivity to AKT inhibition may be more effective in MM cells having elevated AKT activity. 
Discussion
MM is a highly aggressive form of cancer, and there currently are no effective therapies for this disease (Rusch, 2003) . In particular, there is an insufficient understanding of the apoptosis-resistant phenotype of MM.
It is now evident that AKT is a central player in a signaling pathway of which many components have been linked to tumorigenesis. Upstream PI3K (Shayesteh et al., 1999; Philp et al., 2001; Samuels et al., 2004) , PTEN (reviewed in Di Cristofano and Pandolfi, 2000) and LKB1 (Boudeau et al., 2003) , and downstream tuberous sclerosis complex 2 (TSC2) (reviewed in Kwiatkowski, 2003; Manning and Cantley, 2003) and eIF4E (Avdulov et al., 2004; Bjornsti and Houghton, 2004; Mamane et al., 2004; Wendel et al., 2004) have each been implicated in cancer biology. Collectively, these signaling proteins contribute to the PI3K/AKT/ mTOR signaling cascade that, when deregulated, leads to disrupted translation of mRNAs that are involved in processes such as cell cycle progression, growth stimulation, cell survival, invasion and interaction with the extracellular matrix (Mamane et al., 2004) .
Here we show that the AKT/mTOR pathway is frequently activated in both human and murine MM specimens and MM cell lines. Immunohistochemical analysis revealed elevated levels of phospho-AKT in nearly two-thirds of human MM tumors. A strong association with elevated phospho-mTOR positivity in these same tumors confirmed activation of the AKT pathway.
In tumor cells, AKT can be activated by a variety of mechanisms, including loss or downregulation of PTEN (Eng, 2003) , mutation of the PI3K catalytic or regulatory subunits PIK3CA or PIK3R, respectively (Philp et al., 2001; Samuels et al., 2004) , activation of PI3K due to autocrine or paracrine stimulation of receptor tyrosine kinases (Nakatani et al., 1999; Yuan et al., 2000; Tanno et al., 2001; Eng, 2003) , and/or Ras activation . Although it was not the intention of this investigation to explore all of the possible mechanisms that might contribute to AKT activation in MM, we did document two mechanisms that can activate the AKT pathway in MM cells, that is, HGF stimulation and PTEN loss. In MM, as is the case in other tumor types, for example, lung and ovarian carcinomas (Brognard et al., 2001; Altomare et al., 2004) , elevated AKT activity in tumor-derived cell lines is relatively infrequent under serum-starved conditions. In fact, our only MM cell line with elevated basal levels of AKT activity had loss of PTEN. The marked increase in AKT activity upon HGF stimulation, even in cells with high AKT activity, is consistent with our previous findings showing that tumor cells transfected with activated AKT are still responsive to growth factor stimulation (Tanno et al., 2001) . Although the levels of active AKT may be elevated further by exogenous HGF, this may not be physiologically relevant in vitro since increased phosphorylation of downstream mTOR was not observed in HGF-stimulated M43 cells with high basal mTOR activity. In tumor tissues, however, paracrine growth factor stimulation may be a common mechanism by which the AKT pathway is stimulated. Germane to this, HGF and Met are often overexpressed in MM (Tolnay et al., 1998) , and HGF enhances the invasiveness of MM cells (Klominek et al., 1998; Harvey et al., 2000) . Moreover, AKT has been shown to mediate antiapoptotic signaling by HGF/Met (Bowers et al., 2000; Xiao et al., 2001) , and simian virus 40, which has been implicated in the pathogenesis of some human MMs (reviewed in Rizzo et al., 2001) , induces HGF/Met activation in mesothelial cells (Cacciotti et al., 2001) .
PTEN loss appears to be a relatively infrequent cause of AKT activation in MM. To our knowledge, this is the first report of a homologous deletion of the PTEN tumor suppressor gene in MM. A previous analysis of the PTEN gene in 18 primary MMs did not uncover any mutations (Papp et al., 2001 ). In our series, however, loss of the PTEN gene was detected in one of nine human MM cell lines, and loss of PTEN protein expression was observed in two of 26 human MM specimens. Collectively, these data indicate that loss of functional PTEN, a negative regulator of the AKT pathway, occurs in less than 10% of MMs.
All of our human MM cells lines had at least some AKT activity under serum-deprivation conditions. Likewise, all of our murine MM lines had Akt activity under similar conditions. However, it is noteworthy that all five tumors from which these murine MM cell lines were derived exhibited high Akt activity in vivo, based on immunohistochemical staining. Thus, although the frequency of elevated AKT activity in human MM cell lines is low in the absence of serum, the collective data suggest that most human and murine MM tumors would respond to AKT pathway inhibition in vivo.
Rapamycin and its pharmaceutical analogs, CCI-779 and RAD001, are currently being tested for efficacy against a broad range of refractory tumors. An important challenge for clinical development is to better identify tumors that are likely to be sensitive to mTOR inhibition. In vitro data presented here suggest that pharmacologic inhibition of mTOR may have therapeutic efficacy in MM patients with aberrant AKT signaling, in agreement with studies of Pten-deficient mice showing that Akt activation is an important factor in predicting which tumors will be sensitive to mTOR inhibition Podsypanina et al., 2001) .
It has been proposed that the extent of somatic genetic mutations present in a given tumor may influence sensitivity to rapamycin (Huang and Houghton, 2001 ). The marked therapeutic response observed in an Akt-dependent prostate intraepithelial neoplasia (PIN) model treated with RAD001 (Majumder et al., 2003) raises the possibility that inhibitors of mTOR may be effective in inducing a cytotoxic rather than a cytostatic response in early neoplastic lesions, which are likely to harbor few somatic genetic changes. However, the current clinical application of mTOR inhibition is targeted at later-stage cancers. Likewise, our study was confined to human MM cell lines having numerous chromosomal alterations typical of the disease, since cell lines from preneoplastic mesothelial lesions are not available.
The treatment of MM cells with rapamycin or LY294002 had different effects. Unlike the prostate PIN model (Majumder et al., 2004) , mTOR inhibition had no effect on MM cell death. At the 48-h timepoint selected for the cell cycle analysis, G1 arrest was evident for M43 cells treated with rapamycin, but an increased sub-G1 population indicative of apoptosis was already evident in M43 cells treated with LY294002. This does not rule out the possibility that rapamycin might induce more apoptosis after a prolonged time exposure. The different effect of LY294002 at inducing apoptosis may be attributed to its targeting of upstream PI3K and, therefore, directly inhibiting antiapoptotic pathways. Increased G1 arrest of LY294002-treated M43 cells was not observed because of increased cell death. Moreover, LY294002 augmented the chemotherapeutic sensitivity of MM cells to cisplatin. These data are consistent with findings in other tumor cell types showing that inhibition of PI3K/AKT signaling increases the efficacy of chemotherapeutic agents, such as paclitaxel and cisplatin (Brognard et al., 2001; Hu et al., 2002; Altomare et al., 2004) .
Treatment of MM cells with the PI3K inhibitor LY294002 enhanced the growth inhibitory effects of cisplatin. The degree to which combined LY294002 and standard chemotherapeutic drugs affects MM cell growth depends in part on the level of AKT activity in a given cell line. Thus, we noted that the combination of LY294002 and cisplatin had greater efficacy in M43 cells, which have relatively high constitutive AKT activity, than in M17 cells, which have lower AKT activity. These in vitro experiments provide a rationale for targeting AKT activity in MM patients to improve response to conventional chemotherapies. Such an improvement could have significant implications in MM, a very aggressive cancer for which response rates to either single-agent or combination chemotherapy have been historically low (Rusch, 2003) .
Although M43 MM cells have not been tested for tumorigenicity in mice, we have observed elevated Akt activity in several other in vivo models of MM. These models present potential opportunities for future preclinical investigations to test the in vivo effects of AKT pathway inhibition on MM progression. Such studies would clarify further, in an in vivo MM model, whether AKT inhibition, either alone or in combination with standard chemotherapeutic agents, preferentially kills tumor cells that have a dependence on AKT activity for survival not shared by normal cells (Brognard et al., 2001; West et al., 2002) .
Materials and methods
Immunohistochemistry
Slides containing sections of a human MM tumor tissue microarray (TMA) were obtained from the Biosample and Tissue Procurement Core Facility at Fox Chase Cancer Center (Philadelphia, PA, USA). The TMA contained tissue cores from two different regions of each of 19 tumor specimens from primary MM patients. Cores from normal tissue (lung, colon, and kidney) were used as negative controls. Additional slides from seven MM tumor patients were obtained from the Cooperative Human Tissue Network. Mouse tissues/tumors were obtained from asbestos-treated MM models (see below).
Slides containing formalin-fixed, paraffin-embedded samples were deparaffinized, hydrated in water and subjected to antigen retrieval in 10 mM citrate buffer, pH 6.0. Preparations were incubated in 3% H 2 O 2 for 20 min, washed with H 2 O or PBS, and blocked with 10% serum for 30 min. Phospho-AKT Ser473, phospho-mTOR Ser 2448 (Cell Signaling Technology, Beverly, MA, USA), Met and PTEN (Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies were detected with biotinylated secondary antibodies. Negative controls were incubated with primary antibody preabsorbed with blocking peptide (Cell Signaling Technology). Tissue sections were stained with DAB chromagen and counterstained with hematoxylin. Surrounding non-neoplastic stroma and/or normal tissues served as internal negative controls for each slide. The slides were scored semiquantitatively. A score of 0 indicated no staining, 0.5 ( þ /À) was probably negative with some focal staining, 1 ( þ ) was indicative of weak positivity with focal staining, 2 ( þ þ ) indicated clearly positive staining, and a score of 3 ( þ þ þ ) was very positive. A score of 2 was indicative of elevated P-AKT or P-mTOR staining. To count a tumor as having elevated phospho-AKT or phospho-mTOR on the TMA, at least one of the two cores corresponding to an arrayed tumor must have scored þ þ or þ þ þ .
In vivo models of MM
Mice were housed and treated according to guidelines established by the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
For asbestos-induced MM, male wild-type mice derived from an inbred 129/Sv or mixed C57Bl/6 background, aged 6-8 weeks, were injected intraperitoneally with 400 mg of crocidolite (UICC grade; SPI Supplies, West Chester, PA, USA) in PBS every 21 days for a total of eight rounds of injections (total ¼ 3.2 mg crocidolite per mouse). Disposable syringes (Becton Dickenson 3 ml Luer Lok syringe, 21 gauge needle) were filled with 1 ml of solution for intraperitoneal injections. Mice were killed by CO 2 asphyxiation upon detection of ascites, significant weight gain/loss or visible signs of distress. Ascites was aspirated off, and the intraperioneal cavity was washed with sterile PBS. Collected cells were pelleted and resuspended in DMEM with 20% FBS to establish cell lines. Mouse tissues were fixed in 10% neutral buffered formalin and paraffin embedded for sectioning.
The murine MM cell line 40L is a highly-invasive, metastatic subline derived from a MM cell line isolated from a peritoneal explant of a male C57B1/6 mouse that had received 50 weekly intraperitoneal injections of crocidolite asbestos fibers (Goodglick et al., 1997) . Metastatic tumors were established in syngeneic mice 1 month after intraperitoneal injection of 2 Â 10 6 cells suspended in 1 ml of PBS. For the xenografts established from the human REN MM cell line (a gift from Dr S Albelda, University of Pennsylvania, Philadelphia, PA, USA), 5 Â 10 6 cells suspended in 1 ml of PBS were injected intraperitoneally in male NOD/SCID mice. Locally invasive tumors were reproducibly established after one month.
Cell culture
Human MM cell lines were established from surgically explanted primary tumors as described previously (Taguchi et al., 1993) and grown in RPMI 1640 with 10% FBS, supplemented with L-glutamine and penicillin/streptomycin. Mouse MM cell lines were derived from asbestos-treated mice, as described above, and grown in DMEM with 10% FBS.
For HGF stimulation, MM cell lines were serum starved overnight and treated with 10 U/ml HGF (a gift from Dr GF Vande Woude) for 10-20 min prior to harvesting cells. Alternatively, 50 ng/ml IGF-1 was used to stimulated MM cell lines for 20 min prior to harvesting. For experiments involving insulin, cells were serum-starved for 18 h and then stimulated with 100 nM insulin for 15 min prior to harvesting. For inhibition of the AKT signaling pathway, cells were treated with either 20 mM LY294002 (Calbiochem, La Jolla, CA, USA) or 100 ng/ml rapamycin (Sigma, St Louis, MO, USA) for 24-48 h under serum deprivation.
Western blot and immunoprecipitation analysis
Tissue samples were homogenized in lysis buffer (50 mM TrisHCl (pH 7.5), 137 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.2% Triton X-100, 10% glycerol, 0.1 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 20 mM b-glycerophosphate, 50 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 2 mM leupeptin, and 2 mg/ml aprotinin). Insoluble material was removed by centrifugation at 41C for 15 min at 18 400 g. Protein concentration was determined with a BioRad Protein Assay Kit (BioRad Laboratories, Hercules, CA, USA).
Actin expression was used as a control to assess protein extract quality. For detection of protein expression, 20-30 mg of protein was subjected to Western blot analysis. Membranes were blocked and incubated with primary antibodies for 1 h in Tris-buffered saline containing 1% nonfat dry milk/0.1% Tween-20. Primary antibodies included: actin, PTEN, AKT1/ 2, Met, PARP (Santa Cruz Biotechnology, Santa Cruz, CA, USA), phospho-AKT Ser473, phospho-mTOR Ser2448, phospho-p70S6 kinase Thr389, phospho-S6 protein Ser 235/236, total S6-protein, total 4E-BP1, caspase 3 (Cell Signaling Technology, Beverly, MA, USA) and p27
Kip1 (Transduction Laboratories, Lexington, KY, USA). Detection of antigenbound antibody was carried out with the Renaissance Chemiluminescence Reagent Plus system (NEN Life Science, Boston, MA, USA).
For detection of PTEN expression, 200 mg of protein from cell lysates was immunoprecipitated with anti-PTEN (N-19, Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies, following incubation with protein A:protein G agarose beads.
Immunoprecipitates were subjected to 7.5% SDS-PAGE followed by immunoblotting. Alternately, PTEN expression was detected by direct Western blot detection using anti-PTEN antibody from Cell Signaling Technology.
In vitro AKT kinase assay
Protein extract (300 mg) was incubated with 2 mg of anti-AKT2 Figure 5b , primers to amplify a 256-bp genomic fragment encompassing exon 2 were 5 0 TCAGAT ATTTCTTTCCTT-AACTAAAGT 3 0 and 5 0 AAAAAATG ATTATAGAGCACTACAA-TA 3 0 . Primers to amplify a 296-bp genomic fragment corresponding to the amino terminal end of exon 8 were 5 0 AGGTGAAGATTTTCTTTTTTA 3 0 and 5 0 TTCGGTTGGCTTTGTCTTTA 3 0 . Amplification conditions consisted of an initial denaturation of 5 min at 941C followed by 20 cycles of 30 s at 941C, 1 min at 64-541C (with À0.51C every cycle) and 1 min at 721C, then 10 cycles of 30 s at 941C, 30 s at 541C, and 30 s at 721C, and a final extension of 5 min at 721C. PCR products were diluted 1 : 10 with 10 mM NaOH/ 20 mM EDTA gel-loading buffer, heat denatured at 941C for 5 min and chilled on ice. A measure of 3 ml of each PCR product were separated electrophoretically on a 0.6 Â denaturing gel. Gels were electrophoresed at 6 W of constant power for 12-18 h at room temperature, dried at 801C under vacuum, and exposed to X-ray film.
PCR analysis of PTEN
For PCR amplification, 100 ng of genomic DNA was amplified in a 50 ml reaction using the following primers. In addition to the primers for exon 2 that were used for the SSCP analysis of PTEN (exon 2 (a)), new primers were synthesized to amplify a 297 bp-fragment for control GAPDH (5 0 GCGAGATCCCTC CAAAATCA 3 0 and 5 0 CTGATGATCTTGAGGCTGTTG 3 0 ), an alternate 210 bp-fragment for exon 2 (exon 2 (b), 5 0 CTAAAGTACTCAGATATTTATCC 3 0 and 5 0 AATAGTTT ACATCACAAAGTATCT 3 0 ), a 347 bp-fragment corresponding to exon 1 (5 0 TTCGGAGGATTATTCGTC-TC 3 0 and 5 0 AGGTCAAGTCTAAGTCGA-TC 3 0 ), and a 140 bp-fragment corresponding to exon 3 (5 0 CATTTTGTTAATGGTG GCTTTTTG 3 0 and 5 0 CTCAATATTGTTTTAGAAGAT ATT 3 0 ). Reactions were run side-by-side in a thermal cycler. Amplification conditions consisted of an initial denaturation of 4 min at 941C followed by 37 cycles of 1 min at 941C, 1 min at 521C and 1 min at 721C, then one cycle of 1 min at 941C, 1 min at 521C, and 2 min at 721C. PCR products were separated on a 2% agarose gel and visualized with ethidium bromide.
Cell cycle arrest analysis
Cells were harvested by trypsinization, washed and then fixed in 70% ethanol at À201C. Cells were washed and stained with 10 mg/ml propidium iodide (Sigma, St Louis, MO, USA) in the presence of 100 mg/ml DNAse-free RNAse (Sigma). After 30 min at 371C, cells were analysed by a fluorescent activated cell sorter (FACS) can (Becton Dickinson, San Jose, CA, USA) using Cell Quest software (Becton Dickinson).
Cell proliferation assays
Cell proliferation was measured with a CellTiter 96 (Promega, Madison, WI, USA) colorimetric assay, utilizing an MTS tetrazolium compound, as per the manufacturer's instructions. MM cells with similar sensitivities to LY294002 and cisplatin were used. In brief, MM cells were plated in 96-well microtiter plates at a concentration of 6.5 Â 10 3 cells per well and incubated overnight in RPMI medium containing 10% serum. Medium was aspirated and replaced with RPMI (no serum) containing inhibitor or placebo (DMSO). Inhibitor treatments were as follows: 10-20 mM LY294002 alone, 5-20 mM cisplatin (Cis, Calbiochem) alone, and a combination of 10-20 mM LY294002 for 2 h followed by the addition of 5-20 mM cisplatin. Cell viability was assessed at 24 and 48 h.
DNA fragmentation assay
Cells were treated with 10-20 mM LY294002 and/or 10-20 mM cisplatin for 24-48 h. Cells were lysed using lysis buffer provided in the Cell Death Detection ELISA kit (Roche Molecular Biochemicals). Apoptosis was determined by measuring DNA fragmentation following the manufacturer's instructions.
